To describe the cytoarchitecture of the choroidal capillary endothelial cells, especially as it relates to cellular processes that protrude through the basal lamina into Bruch's membrane (BM). METHODS. Human donor eyes and monkey and hamster eyes were examined by transmission electron microscopy and freeze-fracture replication. The number of endothelial cell processes and the characteristics of the processes and surrounding structures were determined in the maculae of human eyes and correlated with age-related changes in neighboring structures. RESULTS. Endothelial cell processes were observed in eyes of all species examined and at all ages. They typically occurred at sites of focally thickened, nonfenestrated regions of the endothelial cells. The basal lamina adjacent to the processes was often hypertrophic and associated deposits of long-spacing collagen (LSC) were observed frequently. In humans, there was no correlation between the number of processes per 100 m of the BM with age, sex, cause of death, postmortem time, RPE autofluorescence, or RPE residual body content. There was a weak linear association with the thickness of the BM. CONCLUSIONS. The finding of cellular processes of choroidal capillary endothelial cells penetrating their basal laminae is normal. These processes may serve to stabilize choroidal endothelial cells physically and play an important structural role in the maintenance of patency of the choriocapillaris. It is also possible that they have additional functions, as suggested for similar processes in other tissues. They are not necessarily the harbinger of choroidal neovascularization, although growth of new vessels may result from distortion of this normal attribute.
C horoidal capillary endothelial cell processes penetrating Bruch's membrane have been reported in a variety of species. [1] [2] [3] [4] [5] These processes were illustrated clearly in humans in one of the first electron microscopic studies of Bruch's membrane and the choriocapillaris, although there was no reference to them in the text. 1 They were subsequently described in rats as occasional pegs of cytoplasm and in the chick, in which they often extended to the RPE. They have subsequently been reported in the rabbit, hamster, and hedgehog. 2, 3, 5 The first systematic examination of these structures in human eyes was conducted by Yamamoto and Yamashita 4, 6 and Yamamoto et al. 7 in 47 eyes of human donors aged 0 to 91 years. The processes are described as pseudopodia of the choroidal capillary endothelium containing actin filaments, ribosomes, and endoplasmic reticulum-like organelles. Pseudopodia were found in every age group and were situated preferentially on the RPE aspect of the choroidal capillaries. There was no correlation between the frequency of pseudopodia and age, sex, race, postmortem time, location in the fundus, or age-related changes in Bruch's membrane. Several donor eyes had ocular tumors, but it was concluded that these processes existed in normal eyes of all ages and that the lack of correlation with age implied that this process was unrelated to choroidal neovascularization, for which age is a major determinant. They suggested that the pseudopodia might be involved in the deposition of vesicular structures in Bruch's membrane.
Others have proposed that they may be important in cellular remodeling in response to changing functional demands of the surrounding local environment or facilitate transfer of metabolites between the intravascular spaces and the RPE. 2, 5, 8 Cellular processes of endothelial cells penetrating basal lamina are not unique to the choroid, and terms such as cytoplasmic pegs, cytoplasmic processes, microvilli, pseudopodia, and footlike processes have been used to denote similar structures in different tissues; the term cell processes is used in this article. 9 -14 Because these structures have been identified in rats after photic injury and one of the initial steps of angiogenesis is dissolution of the basal lamina, it has been suggested that these structures may represent nascent choroidal neovascularization. [15] [16] [17] [18] However, when the observations after laser photocoagulation were repeated and compared with controls, both groups of rats were found to have cellular processes of the choriocapillaris passing through their basal lamina toward the RPE, indicating that this is likely to be a normal feature of rat choriocapillaris. 19 We sought to examine the distribution and substructure of these capillary endothelial cell processes more thoroughly, using electron microscopy (EM), and to document their frequency as a function of age in human eyes. We used predominantly human eye bank eyes, but we also used eyes obtained immediately after exenteration to ensure that the phenomenon was not due to postmortem artifact. We also examined monkeys and hamsters to establish their presence in other species that do not exhibit choroidal neovascularization and to describe their cytoarchitecture.
MATERIALS AND METHODS

Tissues
Sixty-five unpaired human donor eyes (donor ages, 7 to 87 years) were obtained from the Eye Banks of the Moorfields and United Kingdom Transplant Service (Bristol, UK) within 72 hours of death. No informa-tion regarding previous eye disease was available, but eyes with macroscopically visible macular disease (e.g., scar, vessel occlusion) were excluded from the study. The globes were hemisected by a circumferential incision through the pars plana. Macular discs, centered on the fovea, were obtained using an 8-mm trephine. A portion of each macular disc was fixed in 1% paraformaldehyde and 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), dehydrated in acetone and propylene oxide, and embedded in Araldite or Epon resins for electron microscopy (EM). Ultrathin sections were stained with uranyl acetate and lead citrate. Other macular segments were prepared for frozen and paraffin sections to assess age-related change in the RPE and Bruch's membrane, the methods used, and the results obtained were published by Okubo et al., 20 and were used to determine whether any correlation existed with the cellular processes.
A further group of three eyes were collected from three female patients (patient 1, 58 years; patient 2, 45 years; and patient 3, 61 years) immediately after exenteration for meibomian gland carcinoma. Two of these eyes had light photocoagulation applied to the inferior macula 15 hours and 5 days before surgery as part of another research project. 20, 21 These eyes were fixed in 3% glutaraldehyde and 1% formaldehyde in sodium cacodylate buffer within 15 minutes of exenteration and prepared for EM, in the same manner as the eye bank eyes. The sections used in the study were taken from the superior macula, at least 4 mm from a laser burn.
Three eyes from adult macaque monkeys were enucleated after perfusion fixation in paraformaldehyde, subsequently fixed with 3% glutaraldehyde and 1% formaldehyde in sodium cacodylate buffer, and prepared for transmission EM. The exenterated human eyes and the monkey eyes were postfixed in osmic acid.
Institutional ethics approval was obtained, and our study complied with the tenets of the Declaration of Helsinki, with written informed consent being obtained from all subjects or their next of kin. The animal experiments were performed in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Tissue Analysis
Sections were examined with the electron microscope (JEOL 1010; Welwyn Garden City, Buckinghamshire, UK). Ten contiguous lengths of 100 m of Bruch's membrane were examined, and the number of processes was counted, measured, and photographed. A process was counted only if it clearly transgressed the basal lamina of the choriocapillaris. The average number of processes per 100 m of Bruch's membrane, the average total length of processes per 100 m of Bruch's membrane, and the longest and widest process was recorded for each eye. The presence and location of long-spacing collagen (LSC) and focal thickening of the basal lamina associated with each process were also noted.
The data from the 65 eye bank eyes were used to examine the association between number and length of the processes with numerous variables. The number of processes in donor eyes appeared to fall within a Poisson distribution with a mean of 1.5 processes per 100 m. Pearson's correlation coefficient was computed to examine the associations between the number and length of the processes in the 65 eye bank eyes with each of the following: Bruch's membrane thickness, RPE autofluorescence, and RPE residual body content, as defined by Okubo et al. 20 Our null hypothesis was that there was no linear association between these variables. To determine whether the processes were a postmortem artifact we used a two-tailed test of significance to determine whether the number of processes per unit length differed between the donor eyes and those eyes enucleated and rapidly fixed. Our null hypothesis was that the number of processes in the freshly exenterated eyes would equal the number in postmortem donor eyes. Photographs were also scrutinized to seek a relationship between LSC location, focal thickening in the basal lamina, and the site of cellular processes.
Freeze-Fracture Replication
Fifteen normally pigmented golden hamsters (Mesocricetus auratus) were used for this study. Animals were anesthetized by intraperitoneal injection of 0.85 mg pentobarbital sodium (Nembutal; Abbott Laboratories, Abbott Park, IL) per gram of body weight in accordance with the ARVO Statement and guidelines established by the University of Southern California and St. Louis University Animal Care Committees. Hamster and human tissues used for freeze-fracture were obtained after perfusion or immersion fixation in 2% formaldehyde (generated fresh from paraformaldehyde) and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), containing 0.025% calcium chloride. Tissues were stored at 4°C in 0.1 M sodium cacodylate buffer. They were later cut into 100-to 150-m thick sections with a tissue chopper (TC-2; Sorvall, Newtown, CT). Tissues were passed through solutions of 10%, 20%, and 30% glycerol and 0.1 M cacodylate buffer, over 60 to 90 minutes, and then placed between gold alloy specimen discs and frozen immediately in Freon-22 (DuPont, Wilmington, DE). Discs were placed in a double-replica specimen holder that was precooled in liquid nitrogen and subsequently transferred to a freeze-fracture unit (model 301; Balzers, Hudson, NH).
Fracturing, shadowing, and replication were accomplished at a vacuum of at least 10 Ϫ6 mm Hg and at a specimen post temperature of Ϫ119°C. The postreplication temperature was raised to Ϫ20°C in some cases before the second coat of carbon was evaporated over the fractured specimen. Replicas were prepared with minimum etching and subsequently cleaned in 100% methanol for 1 hour, 5% sodium hypochlorite for 12 to 24 hours, 50% sulfuric acid for 1 to 4 hours, and three to four rinses of distilled water. Replicas were picked up on resin-coated copper grids (Parlodion; SPI Supplies, West Chester, PA) and observed in a transmission electron microscopes equipped with goniometer stages (models 100C or 1200EX; JEOL).
RESULTS
General Morphologic Observations
Freeze-fracture replication of the choriocapillaris in human (not shown) and hamster eyes (Fig. 1A, 1B ) reveal large expanses of densely packed, 75-to 85-nm diameter fenestrae (46.3 Ϯ 2.8/m
2 ) interspersed between a network of branching and anastomosing nonfenestrated membrane. The network of nonfenestrated cell membrane corresponded to a system of cytoplasmic channels seen by TEM (Figs. 2, 3) . Choroidal capillary endothelial cell processes were associated only with these nonfenestrated cytoplasmic channels. The apical portions of endothelial cell processes typically broke off during the replication process and were often visualized as stumps ( Figs. 2A-C) . In some fortuitous fractures, the processes remained intact and were visualized extending into the pericapillary extracellular matrix or Bruch's membrane (Fig. 2D) .
Choroidal capillary endothelial cell processes arise from nonfenestrated, focally thickened regions of endothelial cells in hamster, monkey, and human eyes. These regions correspond to the cytoplasmic channels observed in freeze-fracture replicas (Figs. 2, 3) . The channels were filled with bundles of unidirectionally oriented microtubules and often encircled the entire capillary (Fig. 4) . The processes were most abundant along the retinal and lateral aspects of the capillaries and were often branched (Fig. 4A) . They typically extended through the capillary basal lamina and into the pericapillary extracellular matrix or Bruch's membrane. In the hamster, these processes often abutted, but did not penetrate, the basal lamina of the RPE (Fig. 5A) . In primates, the processes rarely extended through the elastic lamina of Bruch's membrane (Fig. 5B) . In these processes 5-to 7-nm diameter filaments were abundant and typically terminated along dense plaques adjacent to the basal lamina (Fig. 4A) . These accumulations of filaments were
IOVS,
even more apparent in regions in which the process passed through thickened portions of basal laminae. Marked focal thickenings and/or reduplication of the basal laminae associated with these processes were often observed in all three species (Fig. 6A ). Banded material (LSC) with a major periodicity of 100 to 110 nm was frequently associated with these thickened regions of basal lamina in humans (Fig. 6B ).
Statistical Analysis
In the eye bank human eyes, the number of processes per 100 m of Bruch's membrane ranged between 0.7 and 4.1 with a mean of 1.6. They fell within a Poisson distribution, and the average total length of processes over 100 m of Bruch's membrane ranged between 0.12 and 1.5 m. The longest individual process was 1.7 m, and the widest process was 1.9 m at its base. The number of processes and total length of processes per 100 m had a clear linear relationship (Pearson's coefficient ϭ 0.9, P Ͻ 0.001), and for this reason further association was sought only for number of processes per unit length of Bruch's membrane. There was no correlation between the number of processes and age, RPE autofluorescence, or RPE residual body content, as determined in sections from the same eyes by Okubo et al. 20 . These findings support our null hypothesis. There was a weak positive correlation between Bruch's membrane thickness and the number of processes (correlation coefficient ϭ 0.3, P ϭ 0.016).
The number of processes per 100 m in the three eyes fixed immediately after exenteration had a mean of 5.7 per 100 m in patient 1, 6.3 in patient 2, and 4.5 in patient 3. The processes ranged between 0.67 and 8.3 per 100 m, with the average total length per 100 m of 1.7 to 2.7 m. There was a difference compared with the eye bank eyes with longer fixation times. The data from the eyes of patients 1 and 2 fell outside the number expected from the eye bank eyes (twotailed test of significance: P ϭ 0.037, P ϭ 0.09, respectively), but the eye of patient 3 was not significantly different (twotailed test of significance: P ϭ 0.13). That all three sets of data were within the expected findings for eye bank eyes was highly improbable (P ϭ 0.0004). The longest process was 1.0 m, and the widest was 0.91 m, which fell within the sizes measured in the eye bank eyes. These data strongly suggest that the processes are not merely postmortem artifact and indeed, to the contrary, suggest that they were even more common in the freshly exenterated eyes.
The average number of processes per 100 m in the three monkeys was 10.4, 3.8, and 8.4, and ranged between 2.2 and 13 per 100 m. Two of the three monkeys had more processes per 100 m than the eye bank and fresh human eyes. The average total length per 100 m of Bruch's membrane ranged between 1.4 and 3.4 m. The longest process was 1.0 m, and the widest was 1.0 m, which was similar to the human eyes.
DISCUSSION
Function of Processes
Our results support the view that choroidal capillary endothelial cell processes protruding through the basal lamina represent a normal feature of the choriocapillaris. We do not discount, however, that these processes may be involved in choroidal neovascularization. The finding of greater densities in monkeys with Bruch's membrane free of debris, compared with humans, suggests that the number of processes are not likely to be the result of pathologic changes in Bruch's membrane. The presence of similar processes in human eyes fixed within 15 minutes of enucleation and in eyes of perfusion-fixed hamsters and monkeys shows that these processes are not postmortem artifacts. Several different functions have been postulated for similar structures in the various tissues in which they have been recognized. In the trabecular meshwork, the cells covering the trabecular surfaces have "cellular pegs" that protrude into the basal lamina. 9 As the cells of the juxtacanalicular meshwork are known to contain actin filaments in their cytoskeleton, it is possible that these processes play a role in regulating cell shape, thus influencing meshwork porosity in response to humoral and neuronal agents. 22, 23 In the kidney, the afferent and efferent glomerular arterioles and interlobular arteries have endothelial cell processes that penetrate the basal lamina and indent adjacent media cells. 19 These myoendothelial contacts may allow detection and propagation of mechanical and humoral stimuli and may play an autoregulatory role in the vascular beds. It has been postulated that the protruding part of the endothelial cells may be tension sensors that detect changes in transmural pressure, and initiate smooth muscle contraction when stretched by an increase in transmural pressure. 10 The afferent descending vasa recti (DVR) and efferent ascending vasa recti (AVR) in the renal medulla also have such processes. 11 The thin-walled, fenestrated AVR is described as being attached at its corners to surrounding structures by microvilli that project from the abluminal surface of endothelial cells of AVR and insert into the basal lamina of neighboring DVR and tubules. It is postulated that these microvilli are probably responsible for holding vessels open when interstitial fluid pressure rises above intravascular pressure by anchoring the wall of the AVR to surrounding structures, thus preventing collapse of the lumen. The processes extended through the capillary basal lamina and into BM. In the hamster, these processes often abutted, but did not penetrate, the basal lamina of the RPE (A, arrow). In primates, the processes rarely extended through the elastic lamina (EL) of the basement membrane; however, one is depicted in (B, arrow). Magnification: (A) ϫ6,700; (B) ϫ20,000.
Mammalian heart muscle capillaries and small arteries and thigh muscle arterioles and precapillary sphincters have endothelial cells processes that make contact with smooth muscle, providing a system of myoendothelial junctions. 13, 14 They may represent structures that stabilize the microvascular wall mechanically, as they are seen only in regions of the vessel without elastic interna or containing large areas of fenestrae. Others suggest that they may be a pathway for exchange of metabolites or facilitate transmission of hormonal substances. 23 In a similar way, the endothelial processes of the choroidal capillary endothelial cell may stabilize physically the angioarchitecture of the inner choroid. Arising from the cytoplasmic channels that form a network around the cell, they could have a widespread influence on cell form. The consistent finding that the basal lamina is focally thickened around the base of processes, at least in the young, lends further credence to the concept that they play a structural role. The thickening of the basal lamina and microtubules would serve to spread the physical load on the cell membrane. The fact that they are described as a common feature of thin-walled, fenestrated endothelia makes this even more likely. However, if this were the case, it is somewhat surprising that focal thickening was not observed regularly in the eyes of older donors.
Other functions for these processes have been postulated. The possibility that cellular processes from the choriocapillaris could be involved in phagocytosis may be of importance, given the large trafficking through Bruch's membrane. This concept was introduced with respect to the choroid when cellular processes from the choroidal pericytes were described in the inner portion of Bruch's membrane after photocoagulation of drusen. 24 It was suggested that they may play a role in the resolution of drusen after laser treatment, and this process was likened to the phagocytic activity of mesangial cells in the glomerulus. 24 Endothelial cells may also undertake this function. In the trabecular meshwork, endothelial cells are thought to phagocytose debris, and it has been suggested that the surface "microvilli" play a role in this process. 25 A similar role has also been ascribed to vascular endothelium in skin, muscle, aorta, heart, and kidney, but only in the newborn. A phagocytic role has been postulated for similar processes in the lung throughout life, and it is proposed that they are responsible for clearance of microorganisms and other material from the circulation.
26,27
Relationship between Endothelial Processes and Neovascularization
The mechanisms that initiate and modulate the normal rate of basal lamina dissolution and cellular process formation, and the influences that precipitate neovascularization are unknown. As yet, there is no obvious morphologic difference to distinguish the initiation of the two processes. That the choriocapillaris may respond to its environment has been amply demonstrated both in vitro and in vivo. 28 -31 Local control mechanisms must exist to prevent one from translating into the other, and these may be altered in disease. 31 One of the initial steps in angiogenesis is the degradation of the basal lamina and adjacent extracellular matrix. 15, 16, 29 Metalloproteinases that cleave basal lamina collagens IV and V have been extracted from endothelial cells and are believed to be responsible for disruption of the basal lamina locally and facilitate outgrowth of capillary sprouts. 32 The process thereafter is likely to depend on the relative concentrations of various growth factors and the composition of the extracellular matrix. There is ample evidence that various factors with the potential to modify cell behavior exist in Bruch's membrane, and Bruch's membrane changes greatly with age. [33] [34] [35] [36] These considerations suggest that choroidal neovascularization, as part of age-related macular disease, may occur as a distortion of a normal mechanism rather than representing a process unique to the aging eye.
By analogy with other vascular systems, it is possible that the primary function of the cellular processes into Bruch's membrane, together with the endothelial cytoskeleton, is to stabilize the cell physically, a phenomenon common to other fenestrated thin-walled capillaries. 11 This concept of a structural role is supported by the finding of microfilaments within the processes and the presence of localized thickening of basal lamina around the processes. This is not to deny that they may serve other functions, such as sampling the local environment, and may contribute to the normal clearance of debris from Bruch's membrane, either by phagocytosis or by modifying the biophysical properties of Bruch's membrane. However, none of our findings lend direct support to these subsidiary functions in Bruch's membrane, although these functions have been identified in other tissues. If choroidal neovascularization in age-related maculopathy is a distortion of this normal phenomenon, its upregulation after laser photocoagulation could be associated with potential neovascular complications. 
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